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Table 1.  Engine Specifications
Displacement 2.2L

Bore 88 mm
Stroke 88.4 mm
Compression Ratio 19:1
Diameter Inlet Valve 30.2 mm
Diameter Exhaust Valve 28.4 mm
Max. Torque @ Speed 300 Nm (~220 lb-ft) @ 1600-2600 rpm
Specific Torque 140 Nm/l
Rated Power @ Speed 92 kW (125 hp) @ 4200 rpm
Specific Power 42.3 kW/l
BMEP 17.5 bar
Max. Injection Pressure 1350 bar (~19600 psi)
Max. Ignition Pressure 140 bar
Min. BSFC 203 g/kW-hr
Oil SAE Grade 15W40
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Table 2.  Measured Quantities*
Quantity Description Unit Accuracy

Engine Speed rpm +/- 4.2
Engine Load ft-lb +/- 2.3
Fuel Flow lb/hr +/- 5 %
Temp. Coolant In °F +/- 4
Temp. Coolant Out °F +/- 4
Temp. Oil °F +/- 4
Temp. Intake Air °F +/- 4
Temp. Fuel °F +/- 4
Temp. Exhaust °F +/- 25
Temp. Intercooler In °F +/- 4
Temp. Intercooler Out °F +/- 4
Temp. Air Dewpoint °F +/- 4
Pres. Ambient "Hg +/- 1%
Pres. Exh. Restriction "Hg +/- 1%
Pres. Boost Pre-Intercooler "Hg +/- 1%
Pres. Boost Post-Intercooler "Hg +/- 1%
Carbon Monoxide CO g/bhp-hr +/- 15 %
Hydrocarbon HC g/bhp-hr +/- 20 %
Nitric Oxides NOx g/bhp-hr +/- 10 %
Carbon Dioxide CO2 g/bhp-hr +/- 10 %
Particulate (Total) PM g/bhp-hr +/- 20 %
Fuel-Volatile Fraction of Particulate Fuel-VOF g/bhp-hr +/- 30 %
Oil-Volatile Fraction of Particulate Oil-VOF g/bhp-hr +/- 30 %
Non-Volatile Fraction of Particulate Non-VOF g/bhp-hr +/- 10 %
*Where the accuracy has been found for heavy-duty engines, it has been applied
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Table 3.  Test Fuels

Property ASTM
Method Units California Ref.

(CARB)
Alt. Low Sulfur

(ALS)
DMM/ALS
(ADMM15)

Density @15°C D4052 g/ml 0.8378 0.8160 0.8201
Distillation D2887
IBP °C 145 140 58
10% °C 192 202 179
50% °C 251 280 273
90% °C 325 344 344
EBP °C 372 416 413
Cetane D613 45 63 59
Cetane Index D976 48 61 57
Kinematic Vis.
@40°C

D445 cSt 2.4 2.9 1.9

Flash Point D93 °C 72 87 <2(D56)
Composition
Carbon D5291 wt% 86.4 85.6 81.6
Hydrogen D5291 wt% 13.4 14.4 13.7
Oxygen Difference wt% 0.2 0.0 4.7
Sulfur D2622 ppm 176 <10 <10
Chemical
Aromatics D5186 vol% 18.9 9.0 8.2*
Paraffins D2425 vol% 54.5 54.2*
Naphthenes D2425 vol% 36.9 31.9*
Water D4928 ppm 105.0 77.0 368.0
Cloud Point D2500 °C -27 -4 -7
Pour Point D976 °C -32 -5 -9
Acid Number D664 mgKOH/g 0.02 0.02 0.02
Oxidation Stability D2274 mg/100ml 0.20 <0.01 0.25
Heat of Combustion D240 MJ/kg 42.7 43.3 40.8
Lubricity D6079 mm 0.27 0.57 0.49
BOCLE Scuff D6078 g 4300 1600 1950
* The DMM is interfering with these results
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Table 4.  Test Oils
Property ASTM Method Unit M5W30 S5W30 S15W50

SAE Grade No. 5W30 5W30 15W50
Base Stock Type Mineral Synthetic Synthetic
Kin. Vis. @ 40°C D445 cSt 55.8 58.4 123.9
Kin. Vis. @ 100°C D445 cSt 9.6 10.4 18.5
HTHS D4683 cP 2.96 3.0* 4.5*
Viscosity Index D2270 No. 158 169 168
NOACK @ 250° D5800 Mass % 20.9 7.2 4.9*
Cold Cran. Vis. @ -25°C D5293 cSt 3120 2350 >3500*
Cold Cran. Vis. @ -15°C D5293 cSt N/A N/A 2420
Concentration of
Elementary Elements
Calcium D4951 ppm 1260 1560 2538
Phosphorous D4951 ppm 970 1000 1175
Zinc D4951 ppm 1070 1070 1315
Sulfur Concentration D2622 wt.% 0.439 0.250 0.317
*Refers to Typical Values
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 Table 5.  Steady-State Test Conditions
 Mode  Speed, rpm  Load, ft-lb
 M20  1,000  75
 M10  2,000  25
 M5  2,600  111
 M17  2,600  229
 M14  4,200  152
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Table 6.  Test Plan
Sequence Test Day Fuel Oil Nomenclature

Conditioning CARB Mineral 5W30
Conditioning CARB Synthetic 5W30
Conditioning CARB Synthetic 15W50

1
1
2 = 3 Repeats
3

CARB Mineral 5W30 CARB/M5W30
(BASELINE)

2
4
5 = 3 Repeats
6

ADMM15 Mineral 5W30 ADMM15/M5W30

3
7
8 = 3 Repeats
9

ADMM15 Synthetic 5W30 ADMM15/S5W30

4
10
11 = 3 Repeats
12

CARB Synthetic 5W30 CARB/S5W30

5
13
14 = 3 Repeats
15

CARB Mineral 5W30 CARB/M5W30
(BASELINE)

6
16
17 = 3 Repeats
18

CARB Synthetic 15W50 CARB/S15W50

7
19
20 = 3 Repeats
21

ADMM15 Synthetic 15W50 ADMM15/S15W50

8
22
23 = 3 Repeats
24

CARB Mineral 5W30 CARB/M5W30
(BASELINE)

�# �


����������	����������������
���	
"�

-# �


����������������������	����
���
%�"�

># ��������
	�����������������
���	
"��������
���
%�"

������"'�
��	
����
��������4!�������
��
��"������
1%���������
	�����%�
���������
��
	�������%���

�����������������	����	���������
���	
"�����
%�"�
���	����
�����
�
	���	����
��
�������
	�#������
�����'

�"���
��"�����
��
��"������
1%����������%���
	���
��%�
�����4!����"'�	��������
�%"�����������
��"��	��"#

0�
���	��"���
���
������������E���
�%�"�F�����
������������
����
��""'��
���
�%��������	�����
��"��


�	�����	���"��
���
�%�
	���
���(��	�����������1%�"����
����#������""��������"'�������
	�����	�������

������������4!�����%���
	�����������#

���	��"�	
��
��������
��
��"����"'������������
	����#��7���
��
��"��	����
�	�������������
����������"'

��������	
�����

��������'����������
���	�����
����	�������������'��%�'��
���"������
�����	���������

%�

	��"'���
�������	��	�
����	���	
�����

��������'��������	���#



-;

�""�����
��
��"��	����
�	��������������������BG�"���"�	
��
��


�����#��0�
��
��������	���
"
�'�	
��	��

�"%�
��������������
�����


�������
����������������
��
	��������
��
���������������	��


�������#��0�
��
�

�	���
������""����������	������#�����	������	�����������
����BG�������������	����	%"���	��"%������

����������
��
	��������


�����������
�����"
�'����'������	���


�����#���""�����
��
��"��	����
�	������

�%����
(���
���������"���
��"%����
��������
3��#��D�������"��"
��������
���	���

���������
����	����

��	��
�����	���
"
�'�"���"������"%��#����BG���	���
"
�'��	�����	�����	���;#;B�����"%�#���
���������"%�


	��������
�%"���
���	��
��������������������
��


������"���"��;#;B���
��
��
�����������������
���	���%


�
���

��
�������	�������������
��


������


���������3
�����	�����������������
��
	���
	����������
�%"���
���	�

	
�
�������#���
���������"%��
�����""�������������
��


������"���"��������
������
���%��	��
���	
����

���������������������
�����
��


������


�������
����������������
��
	�����	�������
���	��"���"�#����

����
��
��"����������������"%��
���������""����"���"�	
��
��


������������	%"�����%"��
���������
�
	����	

����������������������


��������
����������������
��
	�����	�������
���	��"���"�#

�
��
��


�����
���	���

����������
	%�����	����	���%"�
�"���	����
�	��������������	��0%?�')��.	����

7
��


�������


��������.7���
������"��������	��%�����	�������
�����
���
���	��"���"����	�%���

����
��
��""'��
��


������


��������
������������������	%����������
�%"������
��
	��#��0��������%"������


��"%����
��������
3�:�
	��������	���������
��
	�����"'�
�#�� ����
��"������������
	���	
�������4!�

���%"�������
""%���������
���0%?�'�8BG�.7���	�

������
������"����	%����������������
��
	��
	������

	
�����
���	���������<�	
"��
%�"����������
�������
	�����������������
���	
"�����
%�"#��4���"���
���
������"�


��
���������������
��
	�������������	���
��


����"'��


�������������;#;B��
��


������"���"#

2
��""'����������������"%����	��%�����'�"������1%���������������
��"%����
��������
3��#��������������

�	��%�����'����
����	����
%�"�����	
"#��0�������	�
���������
��
	��1%���

'
������������
����
��
	��#

�������
��%���
�"�"������)���1%����������������������"'(���
	�������

����	
����
�������������"	���	�����

��
��
	��#��0�
�����"'�
����	�
�����
�
"������%"����	�����	�����"�%"��������������
�����������'������

�	������
������������
��"%����
��������
3��#



-�

,����
�������	��	%��������

,�����������	��$#��!��

��
%""����?����
	�������������
����


������
%�"�����	
"��	��
���
	����������
	������	��	�%�������'

�


��������
����3
�%���	�1%�#��0������
	��������������"	����
�������
������
��������������������

�%����
	���������
	�������������������	�
����
��������
3��#

0�������
��������	��%��������	��
����	�����������"���%��
"��������'�--���������
��
���	
�����

��"�����"
��

�������	
�������A:��/B$>;�����#�����������	
�����������
����%

��������������	��
���%��	�������


�
"%��������	�%�������
��������
3�D#���	���
�
"%���
������
	��	
������%��	��������
	%�����������	

�	��������	������	�������%��
�������"��������""����
�
"%���	
������	�����
������
�#���������	����

�	������	���	�	�����������	������	��%������������������
�
����%��������%��	

��'���������"����
	��	


�	���
	�������'�
�������
��������	%�
������%��
	�%�
���������
	��	�������%��
������#�0����%��
����	�	�

����"	���������
	��	
�	����"������
��������������
	��	��%��
�����������"�����		�#�$���������
���"���


�
"%��������%���	�����	�"����
��������	�	��
���"
��	���������%"��	
�
�������
�����
	��
����	�'�����

%������
�#

7%���1%�������"'�
��	
�����%����	
"�����"�����?����
����������������1%�����
	%����%������
�"�
��������


�����������"��	��������
	����������������
	�������"������	�
%�"&	
"���
�����������������
	���	�����
�
"%��

�2
�%����5�#�4��
	%�"'���	����
�������������
�����
	���	������%��	��������
�
"%��#��0���
����������

��
����	���������	��������
��
	�������	
"��	��%���
	��
���	��?�	��#

0������
�������������
�������"����	�������
������	%����	
��������������
��������%���	
�����
�
"%��#

0����������	�
������"��������	���	��	�����
�
"%�����	����'������������%���
	������
������
�������

����
��
���������
���	
"�	���������������%��	�������#��""���"���������
������������'"
������	��������
���

��	�����	���
������	
��3����
��������������""�
�������������
���
������������	��
�
�"���
����	
�����#

0����������	��
�����"������
��
������	
"����������
�?%���%�������������
�������������	����
�	�����

�%��	�������#



--

����		
��
��	
�
��
���	�����
��	������

������	������	
����A:��/B$>;������"
�����
��
	�������%���������	��%���������������
��
������

�
��"��	
�������1%�����	
�������������3��
�����	�������
���

�������������'��������
���������
��

�����
	���
����
����0��"��9�#

���������	��=����������"���$�����������#�%����

0

20

40

60

80

100

120

140

M
5W

30
-F

re
sh

M
5W

30
-S

ea
so

ned

S5W
30

-F
re

sh

S5W
30

-S
ea

so
ned

S15
W

50
-F

re
sh

S15
W

50
-S

ea
so

ned

M
5W

30
/C

ARB

M
5W

30
/A

DM
M15

S5W
30

/A
DMM

15

S5W
30

/C
ARB

M
5W

30
/C

ARB

S15
W

50
/C

ARB

S15
W

50
/A

DM
M15

Oil and Fuel

W
ea

r 
M

et
al

 C
o

n
ce

n
tr

at
io

n
 in

 O
il 

(p
p

m
)

Ni Cu Cr Si Al Fe

Table 7.  Statistical Comparison of Baseline Tests

Test Modes*

Variable 5 10 14 17 20 Transient

PM

NOx

CO

HC



->

, ���	��������
��
��""'��
��


��������������

���	��������
��
��""'��
��


�����
��������

����	�����	�����
��
��""'��
��


�����������#

0�������
��
��""'��
��


���������������������3
�%���	�1%���/	����9��	��
�
	���
#�#����-5;;�����%����

�;;G�"	����
���%���	����"
�����������
���
��
%�"����
	#��0�
���	��
�
	��
������	����
�������"	������
�&
%�"

���
	�����
����%�������	��
�
	���
��������
����������
�
�
�'�	
�����
�%"������
��
	����	���'��������
�

�
�&
%�"����
	#���0���
%�"�
"	��
	�����������������
������������@�#��"�&��������
"	��
	������

��������

���������>8#��"�&��#���
��
"	��	���
�&
%�"����
	������	������%������������	
���
����	�������%�����%�
��

����������
��
"	���
���	���������������������
��
%�"�
"	���	%"��������������
�&
%�"����
	��'�%���	�BG#

0�
��
��
%�������%��	������'��������������3��%�����������%���
��������
�	���;8-H2��	���95H2#���
���


�����
���
����""�	���������%�������
����������������%�������		"���������
����������%�����	�	����

�������������	��������
��������������#

0������
����
���	�����������������	
���
	�������	�1%��
	��/	����9����3
�%���	�1%���	��/	����@

��������	������%�
�������
����
�����A:�
%�"������'�����
���B$B;�4
"#��0�
���������������
�����
	��

�������	��������	�����
�
�
�"����
	�������������������
3���#��0���"	���
���	�1%��	��%��������	%��	%�

������������'�����
����
�����A:�
%�"������'�����
���B$B;������"���"���	

#��$�
"������
����
�����//�B


%�"������'�����
���B$B;�	
"������

��"��	�1%������%����������	��������	�����
����
�����������
	%�


%�"&	
"��	��
���
	�#

0�
���������
���	�1%��
���	����""�%������		����%������
��������
�����������
��
���������
���	
"��%�
��

��������1%����������������%���1%�����%��	��������
�
"%�����'��	
����	��������
	���
����	��	����#



-@

-����	����"�����	���"����	��

 ������	
�����8BG�0%?�'��	�

������
������"��
""%�����
��������

�����	
�
%�"��'�������	
"��'���	�

��
��
	���������	�
����
��������
3�:����
"��������
3����	���
�������
��
��"����������
	���	
������

���%"��#��������
3���
�������%"��
	��	
�����"������1%������������	��%�����'�	
"�����
%�"����	������

���
	%������
����	���#

0������������
���%������
�"�������	���	�
�����������������	����
�����	��
	���	
������������������"	����

�
����""��	����	��	����������
��
����
������
	�#��2	�����


���
	��	
�����
��
��"��
��


������	
�����
%�"��	
"�

�����	��
����
%�"�����	
"��

�������������������	%"����
����	�������
�������#

-����	�&�� �#*��	���!�#&��#$��*�&#��

���2
�%����9�������	��"�����
�%"����
���"	���������%���������
���	�����
����	����
	������������"%��
�����#

0���	�����
����	����
��"%��������'��������	�����/-;��/�;��/B��/�9������/�@������	���20�

.���'��%�'������
���#��:'���
���
��������������'��������	��������"'��-;G�������������	��"�����
�%"���

�����������"�%"�����
	����E"
�������
������������'��������	��#F

��������*	��:��<����������������)��0���������+�6�������

0.00

0.05

0.10

0.15

0.20

0.25

0.30

20 10 5 17 14 Transient Weighted

Engine Operating Mode

T
o

ta
l P

M
 (

g
/b

h
p

-h
r)

M5W30 S5W30 S15W50



-B

6		?
������2
�%����9������	
"��

����
��%��"���#��0�������
��
��"�
����������
	����0��"��C�����
���
���	�
��


�	��������
3������	�
�����	���
��
����
��	�����������#����������
��"'��
	��/	�����;�����B����
������

�	��������"	����	��
�
	������������
�%"������
��
	���	
������
����"�B$>;������'�����
��B$>;�	
"�����


����
��"���
����	���	
"����%�
������
��


����"'��
���������
�%"������
��
	������������'�����
���B$B;�	
"#

4������	�����������
	��/	����9����������
�%"������
��
	���	
������
����"�B$>;������'�����
��B$>;

	
"��������
""�����
��
��""'�
����
��"���
����	���	
"����%�
������
��


����"'�"	��������
�%"������
��
	������

�����'�����
���B$B;�	
"#��2�	����
���������	��������
�������	
�����"%��
�������������������	���"���K�
�

�����"�	�%��"�����	���%���	
��������
��
	����
�������7�B$B;������%���	����
����������������������

����"%��
����#

����	��������������
�������
	����������
%�"�����	
"��

����������	���
��


����K��	�����������������

�	����3����
	��#��0	��"��/����/	����;���	�������
��


�����
�������
	���0��"��8�#

Table 8. Statistical Analysis Results for PM:
P-Values and Multiple Comparison Tests

Operating Condition Oil
Mode 20 p=0.0658
Mode 10 p=0.0058

M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

Mode 5 p=0.0001
M5W30 = S5W30

M5W30 > S15W50
S5W30 > S15W50

Mode 17 p=0.0001
M5W30 = S5W30

M5W30 < S15W50
S5W30 < S15W50

Mode 14 p=0.0920

Transient p=0.0016
M5W30 = S15W50
M5W30 > S5W30
S15W50 > S5W30

Weighted p=0.1608



-5

Table 9.  Statistically Significant Fuel and Oil Interactions
Mode Variable P-Value Comparison

10 Total PM 0.0043
with ADMM15
S15W50<M5W30 and
S5W30

10 Non-VOF 0.0184
with S15W50
CARB > ADMM15

5 Non-VOF 0.0153

with CARB
M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

Transient Non-VOF 0.0067

with ADMM15
M5W30=S5W30
S15W50>M5W30
S15W50>S5W30

10 NOx 0.0314
with ADMM15
S15W50>M5W30 and
S5W30

5 NOx 0.0364
with ADMM15
S15W50>M5W30 and
S5W30

Transient CO 0.0096
with ADMM15
S15W50>S5W30 and
M5W30

This represents 7 instances out of 56 conditions evaluated
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Table 10.  Fractional Distribution of Particulate Mass by Oil,
Averaged Across Fuels

M5W30 S5W30 S15W50
NON-VOF
Mode 20 83.6 80.7 85.6
Mode 10 53.4 59.5 76.0
Mode 5 71.2 79.9 79.0
Mode 17 88.9 88.8 93.1
Mode 14 91.5 92.2 92.5
Weighted 74.8 78.0 85.7
Transient 76.3 82.1 86.0
FUEL-VOF
Mode 20 11.2 14.4 12.0
Mode 10 15.5 17.9 14.6
Mode 5 10.1 11.1 12.4
Mode 17 9.3 10.1 6.5
Mode 14 6.1 6.9 6.8
Weighted 10.8 12.5 10.2
Transient 10.1 12.2 10.4
OIL-VOF
Mode 20 5.2 4.9 2.4
Mode 10 31.1 22.6 9.4
Mode 5 18.8 8.9 8.6
Mode 17 1.9 1.1 0.4
Mode 14 2.3 0.9 0.8
Weighted 14.4 9.5 4.1
Transient 13.6 5.8 3.5
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Table 11. Results of Coupled Plasma Emission Spectroscopy
Oil Condition Ba Ca Mg P Zn

Mineral 5w30 M20 5.28% 0.25%
Mineral 5w30 M10 6.38% 0.23%
Mineral 5w30 M5 6.57% 1.24%
Mineral 5w30 M17 3.71% 2.84%
Mineral 5w30 M14 1.60% 0.06%
Mineral 5w30 Transient 0.42% 4.88%
Synth 5w30 M20 5.46%
Synth 5w30 M10 4.31%
Synth 5w30 M5 2.83%
Synth 5w30 M17 3.89% 0.09%
Synth 5w30 M14 2.33% 0.11%
Synth 5w30 Transient 6.30% 0.45%
Synth 15w50 M20 2.49% 0.70%
Synth 15w50 M10
Synth 15w50 M5 4.45% 0.44%
Synth 15w50 M17
Synth 15w50 M14 0.78% 0.11%
Synth 15w50 Transient
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Table 12.  Fraction Data of Particulate by Fuel. Average Across Lubricants
CARB ADMM15

NON-VOF
Mode 20 85.4 79.6
Mode 10 68.5 54.3
Mode 5 84.6 56.6
Mode 17 91.8 89.1
Mode 14 92.8 90.8
Weighted 84.2 71.6
Transient 84.2 76.8

FUEL-VOF
Mode 20 11.4 14.3
Mode 10 14.3 18.3
Mode 5 9.1 16.0
Mode 17 7.6 8.9
Mode 14 6.3 7.2
Weighted 9.7 13.7
Transient 10.8 10.9
OIL-VOF
Mode 20 3.2 6.0
Mode 10 17.2 27.4
Mode 5 6.2 27.4
Mode 17 0.5 2.0
Mode 14 0.9 2.0
Weighted 6.1 14.7
Transient 5.0 12.3
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Table 13.  Impact of Fuel on Regulated Emissions
(Average Over Oils and For Weighted Steady-State Mode)

Fuel PM NOx CO HC
CARB 0.225 3.670 2.129 0.131
ADMM15 0.130 4.123 1.729 0.088
Percent Change -42.2 12.3 -18.8 -32.8

Table 14.  Impact of Fuel on Particulate Emissions
(Average Over Oils and For Weighted Steady-State Mode)

Fuel NON-VOF OIL-VOF*
CARB 0.190 0.014
ADMM15 0.093 0.019
Percent Change -51.1 35.7
* Only one of five modes making up composite was significant.
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APPENDIX A
ANOVA Statistical Results



A-2



A-3

Statistical Significance of Results
Particulate (PM)

Conclusions:

• The CARB fuel produced a significantly higher average PM than the ADMM15 fuel
at all 7 engine operating conditions.

• Statistically significant differences were found between the three oils at four engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average PM
levels that were similar but higher than the Synthetic 15W50 at modes 10, 5, and
transient conditions.  At mode 17, Mineral 5W30 and Synthetic 5W30 produced
similar but significantly lower average PM than the Synthetic 15W50.

• The interaction at mode 10 was significant.  In this case at the ADMM15 fuel, the
Synthetic 15W50 fuel produced significantly lower average PM levels that either the
Mineral 5W30 or the Synthetic 5W30.  The Mineral 5W30 and Synthetic 5W30 were
not significantly different at the ADMM15 fuel.

Table A-1.  Statistical Analysis Results. P-values and Multiple
Comparison Tests.

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.0001
CARB>ADMM15

0.0658 0.0643

Mode 10 0.0003
CARB>ADMM15

0.0058
M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.0043
At ADMM15, S15W50 <

M5W30 and S5W30

Mode 5 0.0001
CARB>ADMM15

0.0001
M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.3251

Mode 17 0.0001
CARB>ADMM15

0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.4849

Mode 14 0.0001
CARB>ADMM15

0.0920 0.6534

Transient 0.0001
CARB>ADMM15

0.0016
M5W30 = S15W50
M5W30 > S5W30
S15W50 > S5W30

0.1062

Weighted 0.0001
CARB>ADMM15

0.1608 0.1169
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Statistical Significance of Results
Fuel-VOF

Conclusions:

• The CARB fuel produced a significantly higher average Fuel-VOF than the
ADMM15 fuel at modes 5, 17, 14, and transient operating conditions.

• Statistically significant differences were found between the three oils at mode 17.
Synthetic 15W50 produced average Fuel-VOF levels that were significantly higher
than the Mineral 5W30.

• No significant interactions were found at any of the operating conditions.

Table A-2.  Statistical Analysis Results. P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.0933 0.6920 0.9923
Mode 10 0.8204 0.2933 0.8465
Mode 5 0.0394

CARB>ADMM15
0.8501 0.8615

Mode 17 0.0001
CARB>ADMM15

0.0178
S15W50 > M5W30

0.5678

Mode 14 0.0001
CARB>ADMM15

0.4452 0.2803

Transient 0.0103
CARB>ADMM15

0.8835 0.9606

Weighted 0.0714 0.5039 0.6437
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Statistical Significance of Results
Oil-VOF

Conclusions:

• The ADMM15 fuel produced a significantly higher average Oil-VOF than the CARB
fuel at mode 5 and the weighted conditions.

• Statistically significant differences were found between the three oils at four engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average Oil-VOF
levels that were similar but higher than the Synthetic 15W50 at modes 10, 5, transient
conditions.  At the weighted condition, all three oils were significantly different.
Mineral 5W30 produced significantly higher average Oil-VOF than the Synthetic
5W30, which produced significantly higher average Oil-VOF than the Synthetic
15W50.

• No significant interactions were found at any of the operating conditions.

Table A-3.  Statistical Analysis Results: P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.7816 0.1920 0.4253
Mode 10 0.2116 0.0008

M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.5003

Mode 5 0.0048
ADMM15>CARB

0.0002
S5W30 = S15W50
M5W30 > S5W30
M5W30 > S15W50

0.1268

Mode 17 0.2477 0.3468 0.5198
Mode 14 0.8693 0.5422 0.8197
Transient 0.2392 0.0006

S5W30 = S15W50
M5W30 > S5W30
M5W30 > S15W50

0.2689

Weighted 0.0312
ADMM15>CARB

0.0001
M5W30 > S5W30

> S15W50

0.2973
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Statistical Significance of Results
Non-VOF

Conclusions:
• The CARB fuel produced a significantly higher average Non-VOF than the

ADMM15 fuel at all 7 engine operating conditions.
• Statistically significant differences were found between the three oils at four engine

operating conditions.  At mode 5, Synthetic 5W30 produced average Non-VOF levels
that were significantly higher than the Mineral 5W30, which in turn produced average
Non-VOF levels significantly higher than Synthetic 15W50.  At mode 17, transient
and weighted operating conditions, Mineral 5W30 and Synthetic 5W30 produced
similar but significantly lower average Non-VOF than the Synthetic 15W50.

• Interactions at modes 10, 5, and transient were significant.  For mode 10 at the
Synthetic 15W50 oil, the CARB fuel produced significantly higher average Non-VOF
than the ADMM15 Fuel.  For mode 5 using the CARB fuel, Mineral 5W30 and
Synthetic 5W30 produced average Non-VOF levels that were similar but higher than
the Synthetic 15W50.  For the transient operating condition using the ADMM15 fuel,
Mineral 5W30 and Synthetic 5W30 produced average Non-VOF levels that were
similar but lower than the Synthetic 15W50.

Table A-4.  Statistical Analysis Results: P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.0001
CARB>ADMM15

0.1526 0.1467

Mode 10 0.0001
CARB>ADMM15

0.2300 0.0184
At S15W50,

CARB > ADMM15
Mode 5 0.0001

CARB>ADMM15
0.0004

S5W30 > M5W30 >
S15W50

0.0153
At CARB,

M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

Mode 17 0.0001
CARB>ADMM15

0.0001
M5W30 = S5W30
S15W50 > M5W30
S15W50 > S5W30

0.5162

Mode 14 0.0001
CARB>ADMM15

0.1013 0.6044

Transient 0.0001
CARB>ADMM15

0.0003
M5W30 = S5W30
S15W50 > M5W30
S15W50 > S5W30

0.0067
At ADMM15,

M5W30 = S5W30
S15W50 > M5W30
S15W50 > S5W30

Weighted 0.0001
CARB>ADMM15

0.0063
S15W50 > M5W30
S15W50 > S5W30
M5W30 = S5W30

0.2231
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Statistical Significance of Results
NOx

Conclusions:

• The ADMM15 fuel produced a significantly higher average NOx than the CARB fuel
at modes 20, 5, 17, transient, and weighted conditions.

• Statistically significant differences were found between the three oils at all 7 engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average NOx
levels that were similar but lower than the Synthetic 15W50 at modes 20, 10, 5, 14,
transient and weighted conditions.  At mode 17, Mineral 5W30 and Synthetic 5W30
produced similar but significantly higher average NOx than the Synthetic 15W50.

• Interactions at modes 10 and 5 were significant.  In both cases at the ADMM15 fuel,
the Synthetic 15W50 fuel produced significantly higher average NOx levels than
either the Mineral 5W30 or the Synthetic 5W30.  The Mineral 5W30 and Synthetic
5W30 were not significantly different at the ADMM15 fuel.

Table A-5.  Statistical Analysis Results:  P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.0001
ADMM15>CARB

0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.2744

Mode 10 0.1511 0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.0314
At ADMM15, S15W50 >

M5W30 and S5W30

Mode 5 0.0001
ADMM15>CARB

0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.0364
At ADMM15, S15W50 >

M5W30 and S5W30

Mode 17 0.0009
ADMM15>CARB

0.0001
M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.2225

Mode 14 0.3268 0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.7459

Transient 0.0292
ADMM15>CARB

0.0054
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.1218

Weighted 0.0001
ADMM15>CARB

0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.0509
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Statistical Significance of Results
CO

Conclusions:

• The CARB fuel produced a significantly higher average CO than the ADMM15 fuel
at modes 10, 5, 17, 14, transient, and weighted conditions.

• Statistically significant differences were found between the three oils at two engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average CO
levels that were similar but higher than the Synthetic 15W50 at mode 10.  At mode
17, Mineral 5W30 and Synthetic 5W30 produced similar but significantly lower
average CO than the Synthetic 15W50.

• The interaction at the weighted condition was significant.  In this case at the
ADMM15 fuel, the Synthetic 15W50 fuel produced significantly higher average CO
levels than either the Mineral 5W30 or the Synthetic 5W30.  The Mineral 5W30 and
Synthetic 5W30 were not significantly different at the ADMM15 fuel.

Table A-6.  Statistical Analysis Results:  P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.6491 0.3037 0.6102
Mode 10 0.0001

CARB>ADMM15
0.0001

M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.1580

Mode 5 0.0005
CARB>ADMM15

0.8782 0.0743

Mode 17 0.0017
CARB>ADMM15

0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.7351

Mode 14 0.0011
CARB>ADMM15

0.1470 0.3334

Transient 0.0001
CARB>ADMM15

0.0564 0.0096
At ADMM15, S15W50 >

S5W30 and M5W30
Weighted 0.0001

CARB>ADMM15
0.6943 0.1809
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Statistical Significance of Results
HC

Conclusions:

• The CARB fuel produced a significantly higher average HC than the ADMM15 fuel
at mode 10, transient, and weighted conditions.

• Statistically significant differences were found between the three oils at 4 engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average HC
levels that were similar but higher than the Synthetic 15W50 at mode 17 and the
weighted condition.  At modes 10 and 14, Mineral 5W30 produced significantly
higher average HC than the Synthetic 15W50.

• No significant interactions were found at any of the operating conditions.

Table A-7.  Statistical Analysis Results: P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.1371 0.1134 0.1134
Mode 10 0.0002

CARB>ADMM15
0.0096

M5W30 > S15W50
0.1532

Mode 5 0.4502 0.4745 0.0698
Mode 17 0.0877 0.0003

M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.1979

Mode 14 0.3465 0.0016
M5W30 > S15W50

0.0663

Transient 0.0001
CARB>ADMM15

0.0653 0.6620

Weighted 0.0010
CARB>ADMM15

0.0079
M5W30 = S5W30
M5W30 > S15W50
S5W30 > S15W50

0.1147
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Statistical Significance of Results
CO2

Conclusions:

• The CARB fuel produced a significantly higher average CO2 than the ADMM15 fuel
at Mode 20 only.

• Statistically significant differences were found between the three oils at all 7 engine
operating conditions.  Mineral 5W30 and Synthetic 5W30 produced average CO2
levels that were similar but lower than the Synthetic 15W50 at modes 20, 10, 5, 14,
transient, and weighted.  At mode 17, Mineral 5W30 produced significantly lower
average CO2 than the Synthetic 15W50.

• No significant interactions were found at any of the operating conditions.

Table A-8.  Statistical Analysis Results:  P-values and Multiple
Comparison Tests

Operating
Condition

Fuel Oil Fuel x Oil Interaction

Mode 20 0.0281
CARB>ADMM15

0.0034
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.9804

Mode 10 0.3490 0.0004
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.4682

Mode 5 0.5844 0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.4907

Mode 17 0.5490 0.0058
M5W30 < S15W50

0.3605

Mode 14 0.9992 0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.0506

Transient 0.9277 0.0034
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.0717

Weighted 0.7912 0.0001
M5W30 = S5W30
M5W30 < S15W50
S5W30 < S15W50

0.1776
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 Mode 20 (1000 rpm, 75 ft-lb)
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Mode 20 (1000 rpm, 75 ft-lb)
Fuel-VOF
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Mode 20 (1000 rpm, 75 ft-lb)
Oil-VOF
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Mode 20 (1000 rpm, 75 ft-lb)
Non-VOF
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Mode 20 (1000 rpm, 75 ft-lb)
NOx
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Mode 20 (1000 rpm, 75 ft-lb)
CO
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Mode 20 (1000 rpm, 75 ft-lb)
HC
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Mode 20 (1000 rpm, 75 ft-lb)
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 Mode 10 (2000 rpm, 25 ft-lb)
Particulate (PM)
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Mode 10 (2000 rpm, 25 ft-lb)
Fuel-VOF
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 Mode 10 (2000 rpm, 25 ft-lb)
Oil-VOF
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Mode 10 (2000 rpm, 25 ft-lb)
Non-VOF
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Mode 10 (2000 rpm, 25 ft-lb)
NOx
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 Mode 10 (2000 rpm, 25 ft-lb)
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Mode 10 (2000 rpm, 25 ft-lb)
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Mode 10 (2000 rpm, 25 ft-lb)
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B-19

Mode 5 (2600 rpm, 111 ft-lb)
Particulate (PM)

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r)

ADMM15 CARB
0.04

0.08

0.12

0.16

0.2

0.24

OIL

A
V

G
. P

M
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.04

0.08

0.12

0.16

0.2

0.24

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.04

0.08

0.12

0.16

0.2

0.24

ADMM15 CARB



B-20

Mode 5 (2600 rpm, 111 ft-lb)
Fuel-VOF

FUEL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
0.005

0.01

0.015

0.02

0.025

0.03

OIL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
0.005

0.01

0.015

0.02

0.025

0.03

FUEL

A
V

G
. F

U
EL

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.005

0.01

0.015

0.02

0.025

0.03

ADMM15 CARB



B-21

 Mode 5 (2600 rpm, 111 ft-lb)
Oil-VOF

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
-0.01

0

0.01

0.02

0.03

0.04

0.05

OIL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
-0.01

0

0.01

0.02

0.03

0.04

0.05

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

-0.01

0

0.01

0.02

0.03

0.04

0.05

ADMM15 CARB



B-22

 Mode 5 (2600 rpm, 111 ft-lb)
Non-VOF

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

ADMM15 CARB
0.02

0.06

0.1

0.14

0.18

0.22

OIL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.02

0.06

0.1

0.14

0.18

0.22

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.02

0.06

0.1

0.14

0.18

0.22

ADMM15 CARB



B-23

Mode 5 (2600 rpm, 111 ft-lb)
NOx

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

ADMM15 CARB
2

2.5

3

3.5

4

4.5

5

OIL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
2

2.5

3

3.5

4

4.5

5

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

2

2.5

3

3.5

4

4.5

5

ADMM15 CARB



B-24

Mode 5 (2600 rpm, 111 ft-lb)
CO

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r)

ADMM15 CARB
0.65

0.75

0.85

0.95

1.05

1.15

OIL

A
V

G
. C

O
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50  
0.65

0.75

0.85

0.95

1.05

1.15

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0.65

0.75

0.85

0.95

1.05

1.15

ADMM15 CARB



B-25

 Mode 5 (2600 rpm, 111 ft-lb)
HC

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r)

ADMM15 CARB
0.03

0.04

0.05

0.06

0.07

0.08

OIL

A
V

G
. H

C
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.03

0.04

0.05

0.06

0.07

0.08

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0.03

0.04

0.05

0.06

0.07

0.08

ADMM15 CARB



B-26

Mode 5 (2600 rpm, 111 ft-lb)
CO2

OIL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

ADMM15 CARB
460

480

500

520

540

560

OIL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
460

480

500

520

540

560

FUEL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

460

480

500

520

540

560

ADMM15 CARB



B-27

 Mode 17 (2600 rpm, 229 ft-lb)
Particulate (PM)

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r)

ADMM15 CARB
0

0.1

0.2

0.3

0.4

OIL

A
V

G
. P

M
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0

0.1

0.2

0.3

0.4

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0

0.1

0.2

0.3

0.4

ADMM15 CARB



B-28

Mode 17 (2600 rpm, 229 ft-lb)
Fuel-VOF

FUEL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
0

0.005

0.01

0.015

0.02

0.025

OIL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
0

0.005

0.01

0.015

0.02

0.025

FUEL

A
V

G
. F

U
EL

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0

0.005

0.01

0.015

0.02

0.025

ADMM15 CARB



B-29

Mode 17 (2600 rpm, 229 ft-lb)
Oil-VOF

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
-0.001

0

0.001

0.002

0.003

0.004

0.005

OIL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
-0.001

0

0.001

0.002

0.003

0.004

0.005

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

-0.001

0

0.001

0.002

0.003

0.004

0.005

ADMM15 CARB



B-30

Mode 17 (2600 rpm, 229 ft-lb)
Non-VOF

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

ADMM15 CARB
-0.05

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35

OIL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

M5W30 S5W30 S15W50
-0.05

0
0.05
0.1

0.15
0.2

0.25
0.3

0.35

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

-0.05
0

0.05
0.1

0.15
0.2

0.25
0.3

0.35

ADMM15 CARB



B-31

Mode 17 (2600 rpm, 229 ft-lb)
NOx

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

ADMM15 CARB
3.4

3.6

3.8

4

4.2

4.4

OIL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
3.4

3.6

3.8

4

4.2

4.4

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

3.4

3.6

3.8

4

4.2

4.4

ADMM15 CARB



B-32

Mode 17 (2600 rpm, 229 ft-lb)
CO

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r)

ADMM15 CARB
0

0.5

1

1.5

2

2.5

3

OIL

A
V

G
. C

O
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0

0.5

1

1.5

2

2.5

3

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0

0.5

1

1.5

2

2.5

3

ADMM15 CARB



B-33

Mode 17 (2600 rpm, 229 ft-lb)
HC

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r)

ADMM15 CARB
-0.01

0

0.01

0.02

0.03

OIL

A
V

G
. H

C
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
-0.01

0

0.01

0.02

0.03

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

-0.01

0

0.01

0.02

0.03

ADMM15 CARB



B-34

Mode 17 (2600 rpm, 229 ft-lb)
CO2

FUEL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

ADMM15 CARB
450

480

510

540

570

600

OIL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
450

480

510

540

570

600

FUEL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

450

480

510

540

570

600

ADMM15 CARB



B-35

Mode 14 (4200 rpm, 158 ft-lb)
Particulate (PM)

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r)

ADMM15 CARB
0.1

0.15

0.2

0.25

0.3

0.35

OIL

A
V

G
. P

M
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.1

0.15

0.2

0.25

0.3

0.35

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0.1

0.15

0.2

0.25

0.3

0.35

ADMM15 CARB



B-36

Mode 14 (4200 rpm, 158 ft-lb)
Fuel-VOF

FUEL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
0

0.005

0.01

0.015

0.02

0.025

0.03

OIL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50  
0

0.005

0.01

0.015

0.02

0.025

0.03

FUEL

A
V

G
. F

U
EL

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0

0.005

0.01

0.015

0.02

0.025

0.03

ADMM15 CARB



B-37

Mode 14 (4200 rpm, 158 ft-lb)
Oil-VOF

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
-0.008

-0.004

0

0.004

0.008

0.012

0.016

OIL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
-0.008

-0.004

0

0.004

0.008

0.012

0.016

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

-0.008

-0.004

0

0.004

0.008

0.012

0.016

ADMM15 CARB



B-38

Mode 14 (4200 rpm, 158 ft-lb)
Non-VOF

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

ADMM15 CARB
0.08

0.12

0.16

0.2

0.24

0.28

0.32

OIL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.08

0.12

0.16

0.2

0.24

0.28

0.32

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.08

0.12

0.16

0.2

0.24

0.28

0.32

ADMM15 CARB



B-39

Mode 14 (4200 rpm, 158 ft-lb)
NOx

y

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

ADMM15 CARB
4.5

4.7

4.9

5.1

5.3

5.5

y

OIL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
4.5

4.7

4.9

5.1

5.3

5.5

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

4.5

4.7

4.9

5.1

5.3

5.5

ADMM15 CARB



B-40

Mode 14 (4200 rpm, 158 ft-lb)
CO

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r)

ADMM15 CARB
0.7

0.75

0.8

0.85

0.9

0.95

1

OIL

A
V

G
. C

O
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.7

0.75

0.8

0.85

0.9

0.95

1

FUEL

A
V

G
. C

O
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0.7

0.75

0.8

0.85

0.9

0.95

1

ADMM15 CARB



B-41

Mode 14 (4200 rpm, 158 ft-lb)
HC

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r)

ADMM15 CARB
-0.004
0.002
0.008
0.014
0.02

0.026
0.032
0.038

OIL

A
V

G
. H

C
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
-0.004
0.002
0.008
0.014
0.02

0.026
0.032
0.038

FUEL

A
V

G
. H

C
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

-0.004
0.002
0.008
0.014
0.02

0.026
0.032
0.038

ADMM15 CARB



B-42

Mode 14 (4200 rpm, 158 ft-lb)
CO2

FUEL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

ADMM15 CARB
560

580

600

620

640

660

680

OIL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
560

580

600

620

640

660

680

FUEL

A
V

G
. C

O
2 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

560

580

600

620

640

660

680

ADMM15 CARB



B-43

Weighted Steady-State Modes Particulate (PM)

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r)

ADMM15 CARB
0.1

0.14

0.18

0.22

0.26

OIL

A
V

G
. P

M
 (g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.1

0.14

0.18

0.22

0.26

FUEL

A
V

G
. P

M
 (g

/b
hp

-h
r) OIL

M5W30
S5W30
S15W50

0.1

0.14

0.18

0.22

0.26

ADMM15 CARB



B-44

Weighted Steady-State Modes
Fuel-VOF

FUEL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
0.008

0.012

0.016

0.02

0.024

0.028

0.032

OIL

A
V

G
. F

U
E

L
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
0.008

0.012

0.016

0.02

0.024

0.028

0.032

FUEL

A
V

G
. F

U
EL

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.008

0.012

0.016

0.02

0.024

0.028

0.032

ADMM15 CARB



B-45

Weighted Steady-State Modes
Oil-VOF

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

ADMM15 CARB
0

0.01

0.02

0.03

0.04

OIL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
0

0.01

0.02

0.03

0.04

FUEL

A
V

G
. O

IL
-V

O
F 

(g
/b

hp
-h

r)

OIL
M5W30
S5W30
S15W50

0

0.01

0.02

0.03

0.04

ADMM15 CARB



B-46

Weighted Steady-State Modes
Non-VOF

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

ADMM15 CARB
0.05

0.1

0.15

0.2

0.25

OIL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

M5W30 S5W30 S15W50
0.05

0.1

0.15

0.2

0.25

FUEL

A
V

G
. N

O
N

-V
O

F 
(g

/b
hp

-h
r)

OIL
M5W30
S5W30
S15W50

0.05

0.1

0.15

0.2

0.25

ADMM15 CARB



B-47

Weighted Steady-State Modes
NOx

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

ADMM15 CARB
3.2

3.6

4

4.4

4.8

OIL

A
V

G
. N

O
x 

(g
/b

hp
-h

r)

M5W30 S5W30 S15W50
3.2

3.6

4

4.4

4.8

FUEL

A
V

G
. N

O
x 

(g
/b

hp
-h

r) OIL
M5W30
S5W30
S15W50

3.2

3.6

4

4.4

4.8

ADMM15 CARB



B-48

Weighted Steady-State Modes
CO

FUEL

A
V

G
. C

O
 (g
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Appendix C
Least Squares Means By Mode
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PM (90mm),g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0.0913 0.1538 0.1344 0.1166 0.1167
10 0.2226 0.2734 0.2671 0.2587 0.2181
5 0.0854 0.2068 0.1572 0.1556 0.1256
17 0.0906 0.2045 0.1082 0.1083 0.2261
14 0.2136 0.2873 0.2136 0.2157 0.2428

Transient 0.1581 0.2922 0.2278 0.209 0.2386
Weighted 0.1301 0.2252 0.1761 0.171 0.1859

FUEL OIL

FUEL-VOF, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0.0131 0.0175 0.0151 0.0168 0.014
10 0.0407 0.039 0.0414 0.0463 0.0318
5 0.0135 0.0189 0.0158 0.0172 0.0155
17 0.0081 0.0156 0.01 0.011 0.0146
14 0.0116 0.0181 0.0131 0.0148 0.0165

Transient 0.0176 0.0316 0.0231 0.0254 0.0254
Weighted 0.0178 0.0218 0.0191 0.0216 0.0187

FUEL OIL

OIL-VOF, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0.0055 0.0049 0.007 0.0057 0.0028
10 0.061 0.047 0.083 0.0585 0.0206
5 0.0232 0.0129 0.0295 0.0138 0.0108
17 0.0018 0.0011 0.002 0.0012 0.001
14 0.0032 0.0027 0.005 0.002 0.0019

Transient 0.0197 0.0147 0.0309 0.0121 0.0086
Weighted 0.0192 0.0137 0.0253 0.0164 0.0076

FUEL OIL
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NON-VOF, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0.0727 0.1314 0.1123 0.0942 0.0997
10 0.121 0.1874 0.1428 0.1542 0.1657
5 0.0479 0.1749 0.1119 0.1233 0.0992
17 0.0808 0.1878 0.0961 0.0963 0.2105
14 0.1469 0.2666 0.1955 0.1988 0.2259

Transient 0.1235 0.2459 0.1736 0.1715 0.2091
Weighted 0.0932 0.1896 0.1317 0.1349 0.1577

FUEL OIL

CO, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0.6621 0.6402 0.6935 0.6031 0.6567
10 5.3743 6.5943 6.4287 6.4375 5.0867
5 0.8334 0.9789 0.9147 0.909 0.8948
17 0.9646 1.5519 0.8767 0.8875 2.0104
14 0.8128 0.8791 0.8229 0.856 0.859

Transient 2.343 3.2779 2.8008 2.7185 2.9121
Weighted 1.7294 2.1289 1.9473 1.9386 1.9015

FUEL OIL

NOx, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 6.7265 5.463 5.7765 5.3692 7.1386
10 1.3436 1.288 1.1821 1.1936 1.5718
5 3.4869 2.6947 2.8286 2.6487 3.795
17 4.0509 3.8393 4.0756 4.0946 3.665
14 5.0092 5.0657 4.8982 4.9341 5.2801

Transient 4.5525 4.2926 4.3099 4.2333 4.7244
Weighted 4.1234 3.6701 3.7522 3.648 4.2901

FUEL OIL
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HC, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 0 0.0039 0.0057 0.0001 0
10 0.3544 0.566 0.5376 0.4899 0.3531
5 0.054 0.0578 0.0597 0.0555 0.0526
17 0.0138 0.0084 0.0199 0.0126 0.0008
14 0.0157 0.0186 0.0248 0.0181 0.0087

Transient 0.1486 0.2217 0.1974 0.1869 0.1711
Weighted 0.0876 0.1309 0.1296 0.1152 0.083

FUEL OIL

CO2, g/bhp-hr

Least Squares Means by Mode

Mode ADMM15 CARB MINERAL 5W30 SYNTHETIC 5W30 SYNTHETIC 15W50
20 535.6006 543.603 538.304 531.6444 548.857
10 792.1285 780.3922 761.7174 765.3064 831.7572
5 506.2827 509.1966 495.1147 497.5932 530.5111
17 507.0154 514.5289 484.3617 507.1945 540.7603
14 609.9172 609.924 588.6976 600.8693 640.1951

Transient 629.0769 627.5688 612.3682 595.9255 676.6749
Weighted 590.1889 591.5289 573.6391 580.5216 618.4161

FUEL OIL





���

����������

��	���� 
�������	� 

�����
��



���



���

��������	
������
�������������
�������������������������

��������	���������������������������������
������
������������

0

50

100

150

200

250

0 1000 2000 3000 4000 5000

Speed (rpm)

O
b

se
rv

ed
 T

o
rq

u
e 

(f
t-

lb
)

CARB/M5W30 CARB/S5W30 CARB/15W50 ADMM15/M5W30

0

50

100

150

200

250

300

350

400

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Engine Speed (rpm)

A
ir

 T
em

p
er

at
u

re
 (

°F
)

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

E
xh

au
st

 T
em

p
er

at
u

re
 (

°F
)

Inlet Air Intercooler In Air Intercooler Out Air Exhaust 



���

��������	 ���!�������������"�����������������
������
������������

100

125

150

175

200

225

250

275

300

500 1500 2500 3500 4500 5500

Engine Speed (rpm)

W
at

er
 T

em
p

er
at

u
re

 (
°F

)

100

125

150

175

200

225

250

275

300

O
il 

T
em

p
er

at
u

re
 (

°F
)

Water In Water Out Oil Sump



E-1

APPENDIX E
Turbocharger Failure
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During the first day of the last baseline repeat, the engine failed.

The failure scenario is believed to be as follows:

1. Some mechanical part (valve, etc.) is impacting a blade of the turbine runner or
over-speed, since this program is investigating conditions such as rated power and
the FTP Transient, is simply causing a part of the turbine blade to break of.  The
net effect is the same: A part of a turbine blade brakes of.

2. The mechanical unbalanced turbine rotor now brakes in the middle of the shaft.
3. The compressor blade is now uncontrolled and it seizes against the compressor

housing, and since this causes a resulting circumferential momentum on the
runner, the runner bolt is spun of and thrown into the intake manifold.

4. The engine is shut down immediately.

This Appendix provides a series of pictures documenting the damage on the turbo
charger.

Figure E-1: Compressor Runner and Housing.
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Figure E-2: Zoom of Compressor Runner.

Figure E-3: Turbine Bearing.
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Figure E-4: Missing Turbine Blade

Figure E-5: Side-View of Turbine Runner.
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APPENDIX F
PROCEDURE FOR DIGESTION AND ICP
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Procedure for Digestion and ICP

1. The filters were cut in half and placed in pre cleaned Teflon PFA microwave digestion
vessels.

2. 10 milliliters of trace-metals-grade concentrated nitric acid was added to each vessel.  The
vessels were capped and placed in our CEM MARS5 Microwave Accelerated Reaction
System.

3. "Filter XP1500" was the microwave method employed.  In this method, a power of 1200W is
applied to ramp the temperature of the vessel contents to 240 degrees Celsius in 10 minutes
and then held at that temperature for an additional 10 minutes.

4. Once the vessels cooled, the samples were quantitatively transferred to centrifuge tubes and
brought up to a final volume of 50 milliliters with diwater.

5. The digestates were then analyzed by ICP.




